Advances in experimental vacuum technology allow the generation of molecular beams containing oriented molecules. We will focus our review on the so-called collisional alignment, a molecular polarization phenomenon occurring in supersonic expansions of gaseous mixtures. The key feature is the velocity dependence of the alignment degree, which allows the use of mechanical devices to select the molecules of the beam having either a random or a preferential spatial distribution of their rotational angular momentum with respect to the molecular beam axis. The physical mechanisms underlying the collisional alignment will be outlined and some relevant gas-phase experiments demonstrating its occurrence will be illustrated permitting the applications of these tools to the study of elementary processes occurring both in homogeneous and heterogeneous phases. Investigation of the stereodynamics of elementary processes provides the background for perspective demonstration of manifestation of chiral eŠects in molecular collisions. This latter topic, in view of its fundamental relevance and also of interest in a protobiological context, is elaborated in some detail in this review.
Introduction
To set up an approach to the search for possible stereodynamical mechanisms of chiral discrimination based upon collisions, new experiments have to be designed and the experimental techniques must be updated to distinguish between enantiomers. From the point of view of theory, quantum and semiclassical approaches so far mostly used for three-atom reactions must be extended to the case of four or more bodies to explicitly include parameters related to chirality and to deˆne convenient chiral observables. This objective requires sharpening experimental and theoretical tools provided by modern physical chemistry 1) and expertise on collisional alignment in gaseous streams and on various aspects of physicochemical sciences, aimed at understanding spatial aspects of molecular structure and dynamics.
The main target is to measure and/or to calculate crucial kinetic parameters (cross sections and rate constants) to be used in models to verify the hypothesis that molecular collision mechanisms can induce chirality discrimination, playing a role in chirality manifestations. This is the aim of experiments involving molecular beams techniques, assisted by model molecular dynamics calculations, currently being performed.
Very valuable in this regard are the recent progresses accomplished in our laboratory in the control of the spatial orientation of molecules, particularly on intense continuous beams of aligned molecules 2, 3) .Orientation control is a fundamental pre-requisite to investigate basic collisional mechanisms through molecular beams and further reˆnements of these recent experimental tools may lead to applications in chemical stereodynamics of chiral molecules. A characteristic feature for alignment has been found to be the anisotropy of intermolecular forces, which are active in the collisions. The production of intense and continuous beams of aligned molecules 4, 5) is a demonstration of this fact, as in the prototypical case of a seeded supersonic expansion of a beam of the discshaped benzene molecule, which proved that besides acceleration and cooling, also orientation of the molecular plane occurs. Previous studies on the collisional alignment of the rotational angular momentum of diatomic molecules regarded O 2 , for which the eŠect was tested by magnetic analysis 6, 7) and N 2 , for which the probe was molecular beam scattering 8) . Extensions to hydrocarbons, such as ethylene and acetylene, have been also considered 9, 10) .
Up to now, we have been using terms like orientation and alignment as synonyms. According to current usage, we should consistently use alignment here, leaving orientation only for cases where one also speciˆes``heads'' or`t ails'' spatial features of a molecule. However,``alignment of a molecular plane'' is somewhat contrary to common linguistic usage and we will often emploỳ`o rientation'' to obtain a more immediate picture of the phenomenon.
Collisional alignment is a``natural'' phenomenon, in the sense that molecules get aligned without any action of externalˆelds, simply as a consequence of the collisions. On the other hand, externalˆelds can inducè`f orced'' alignment in many ways, typical of many diŠerent techniques of use in experiments. The Stark eŠect produces focusing and alignment in electricˆelds: the use of polarized absorption is limited to optically favorable transitions in the molecular manifold. Brute force techniques, which use strong electrical or magnetiĉ elds are applicable only to rotationally relaxed molecules with permanent electric or magnetic dipole moments, and the alignment in intense non-resonant laser Fig. 1 A view of acceleration, rotational cooling and alignment in expansion of oxygen, O 2 (represented by red dots) in a lighter monoatomic gas (black dots). The molecular beam expansion (oxygen seeded in a monoatomic gas) is reported from the from left side of theˆgure to the right side. The oxygen is rotating and randomly oriented with respect to the ‰ight direction v (along the dashed black line, from left to right). The red arrows represent the rotational angular momentum J, and the white lines, i.e. the projection of J along v, the helicity M. Collisions of the monoatomic gas to the oxygen lead to acceleration and decreasing of the helicity (see the sequence of the oxygen along the ‰ight direction), producing rotational cooling and alignment (see ref [6] [7] [8] [9] [10] [11] [12] ).
elds. Further details and updated developments toward dramatic improvement in intensity will be referred to in the following, where also hexapoleˆlter for an aligned chiral molecule is mentioned.
However it is controversial the possibility that similar elds would be available in nature and so it is their inclusion in protobiological models, due to the improbable occurrence in the universe of the incredibly large list of sophisticated sources so far proposed (many of these lack a laboratory demonstrations, see, as an example, the bibliography and comments in Ref. 11)).
Natural alignment in supersonic molecular beams
The natural alignment of molecules was suggested long ago to occur in transport processes, but it has been observed only recently thanks to molecular beams, for example for inorganic molecules, like Na 2 , Li 2 , I 2 , and CO 2 , which have been found to align their rotational angular momentum in supersonic expansions when seeded with lighter carriers.
The phenomenon revealed to be less simple and much more interesting than initially expected, showing a rather complex dependence on the probed rotational levels and on the beam source conditions, such as the stagnation pressure, the gas carrier composition, and the angular displacement oŠ the molecular beam axis. Molecular beams provide the environments to generate``natural'' alignment phenomena as an eŠect of microscopic collisions. Our technique exploits anisotropic molecular velocity distributions, that can be obtained, for example, in supersonic expansions of seeded beams.
Theˆrst experimental evidence of the strong dependence of the alignment on theˆnal molecular speed 6) , was obtained measuring the variation of the paramagnetism of O 2 in continuous supersonic seeded molecular beams of molecular oxygen relaxed in the lowest rotovibrational states (see Fig. 1 ). The correlation between molecular alignment and molecular velocity was conˆrmed by probing of alignment by scattering cross section measurements, performed downstream of the beam source and using as projectiles velocity selected O 2 -and N 2 -seeded molecular beams and rare gas as targets 8, 12) . The same experiments allowed both an accurate determination of the involved interaction potential energy surfaces and characterization of the collisional dynamics of aligned molecules. The quantum mechanical theory is outlined in Ref. 13) .
If the topography of the potential energy surface and details of the involved collisional dynamics are available, information on the molecular alignment degree can be extracted from molecular beam collision experiments by combining velocity selection of the beams and measurements of the eŠects of the anisotropy of the intermolecular interactions in the scattering cross sections. Moreover, the intensity and duty cycle of these supersonic beams permit, by the use of these aligned molecules, to measure with unprecedented precision the anisotropy of intermolecular forces by scattering experiments [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Recently interest has been addressed to the demonstration that the disk-shaped benzene molecule in supersonic seeded molecular beams would act similarly 4, 5) . Note that in this case the alignment of the rotational angular momentum corresponds to a preferential orientation of the molecular plane along a particular direction. Benzene is a favorite target of organic chemists for studies of steric eŠects, so we could imagine a wide range of applications for an oriented benzene molecular beam, in particular for investigation of the stereodynamics of elastic, inelastic, and reactive events. The probing of the orientation has been performed through two complementary experiments-direct IR laser absorption and molecular beam. These results have attracted notable attention, both for basic physics 24) and applied chemistry 25) viewpoints. For successive scattering experimental measurements of intermolecular forces by these intense aligned beams, see for example 26, 27) and the reviews 28, 29) .
Other methods and molecular beam techniques to force the molecular orientation have been developed using electrostatic, non optical methods. References have been listed in Ref. 3 ), where progress is described on how to improve hexapole electrostatic state-selectors, which are frequently employed to study the stereodynamics in chemical reactivity, such as reactive gas-phase scattering, surface scattering, photodissociation, and electron scattering. Applications have also been listed in 3) . 19 647
In a recent joint series of experiments the sticking of ethylene molecules on a (001)-Ag surface, at 80 K and saturated with O 2 molecules, has been studied as a function of the degree of alignment of ethylene as produced in a velocity selected supersonic seeded beam. It has been found that the sticking coe‹cient strongly depends on such an alignment: when the molecules arrive on the surface rotating``helycopter''-like, they have a sticking tendency about 30z larger than that when they arrive rotating``cartweel''-like. This is a new twist in nanocatalysis, namely steric control at the level of microscopic elementary processes: this is anticipated to make possible practical applications in chemistry, and so will necessitate further research eŠort at the nano-scale.
Chirality in streams
This excursus is in part motivated by the role that chirality plays in the origin of life and then in biology and astrobiology. It provides background on the stateof-the-art, and indicates ways ahead.
In the recent discussions of the origin of homochirality in biology many previously advanced hypotheses are under scrutiny and none has yet received a global consensus (see 31) and references therein). For example, evidence of the role of circular polarized light and in general of magnetic and electricˆelds, although experimentally demonstrated, appears circumstantial, because intensity of sucĥ elds has not been proved to be su‹cient to induce substantial eŠects in the production of a speciˆc enantiomer of a chiral species. For a review, see Avalos et al. 32) , and also Rikken and Raupach 33) for asymmetric synthesis. The latest experimental observations (see, for example Stranges, 34) ) of dichroic eŠects in photoionization required very intense circularly polarized synchrotron radiation, probably not available in nature. Recent investigations of the origin of asymmetry based on accurate quantum chemical calculations have also shown that parity violation due to weak forces leads to extremely small energy diŠerence for enantiomers (see the review by Quack, [35] the latest papers by Faglioni et al. 36) , and references therein).
Ray et al., 37) had shown that when chiral molecules are given a speciˆc orientation in aˆlm, asymmetry results for the scattering by polarized electrons. More recently Kim et al. 38) studied photoemission by absorbed chiral molecules. Vattuone et al. 39) and Gerbi et al. 40, 41) demonstrate stereodynamic eŠects in scattering from surfaces of molecules aligned according to the technique described above.
Among the possibility of chiral physicalˆelds, circularly polarized photons, and the magnetochiral eŠect induced by the magneticˆeld and unpolarized light, have been shown to be enantioselective in photochemical reactions. But in general translation-rotation motions are true chiral forceˆelds: recently, liquid vortex motions have been shown to induce chiral discrimination in the formation of mesophase aggregates of achiral porphyrins (Rib áo et al., 41) ), although some controversy was also generated 42) .
Busalla et al. 43) have given a theoretical proof that in collisions between unpolarized projectiles and chiral molecules, the diŠerential cross sections for a molecule and its enantiomer diŠer if the molecules are oriented. They also showed (Musigmann et al., 44, 45) ) that left-and right-handed molecules can scatter unpolarized electrons diŠerently if a chiral framework is provided by at least three non-coplanar polar vectors deˆned in the collision processes (see also Thompson and Blum, 46) ; Thompson, 47) ). Note that no experimental veriˆcations of these predictions appear to be so far available. In Figure 2 the case of a molecular beam experiment of collision of chiral molecules (H 2 O 2 or H 2 S 2 ) is shown ( Fig.  2-a) . The coordinate system for an appropriate description of the collision of a rare gas atom Rg with the aforementioned molecules is reported in Fig. 2-b . The incoming atom direction is parametrized by the polar angles a and b, while the azimuthal angle F describes the angle around the incoming atom direction, and b is the impact parameter. The recoil direction is deˆned by the angles u and q, while U is the scattering angle. In Fig. 2 -c the dependence of the scattering angle U on the polar angle a is reported forˆxed randomly chosen pair of values of b and F.
These concepts extended to translation-rotation collision conditions provides a molecular mechanism for chirality generation. The alignment in seeded supersonic beams that have been mentioned above constitutes experimental evidence of how, inside a stream, the major gas component is seen to drive the seeded molecules in the form of a directed ‰ow. Classical trajectory calculations (Lee et al., 48) ) show that a seeded beam of an organic molecule (1-bromo-2-chloroethane with argon) is oriented such that the bromo-end is pointing in the Ar ‰ow direction. If it is now considered that the oriented molecules are colliding within a vortex, with their velocity direction being perpendicular to the orientation of the molecules, the macroscopic translation-rotational motion would set up a chirality generating environment. T.-M. Su and colleagues (from the Chinese Academy of Sciences, to be published, private communication to V. Aquilanti) show by molecular dynamics calculations that preferential excitation of the conformational motion can come into play, most eŠectively by applying a torque along the C-C bond to the chloro-end, the farthest fragment from the center of mass of molecules-for example, through collisions with a surface. This may result in a preferential accumulation of one of the rotamers in the properly screw sense of motion, leading to observations of molecular chirality enrichment (Lee et al., unpublished).
A particularly fascinating scenario is that of the formation of a typical low-mass star, such as our solar system (Hartmann, 49) ). In the process of stellar accretion, a rotating stellar core is formed together with a co-rotating circumstellar disk. The disk accretion process would generate highly collimated bipolar jets/winds in the direction perpendicular to the disk mimicking a seeded molecular beam situation, as previously discussed. These translation-rotational jets/winds arising from the rotating disk surface, and the accompanying slower molecular ‰ows, would collide with the matter which surround In Fig. 2 -b, the coordinate system for the description of the experiment of collisions of Fig. 2 -a is shown in the molecule center of mass frame. The incoming atom direction, can be parametrized by two polar angles, say a and b. A third azimuthal angle F, rotating around the incoming atom direction, as indicated in theˆgure, completes the set of coordinates. The impact parameter is indicated by b. The two angles (u, q) are referred to the recoil direction. U is the scattering angle deˆned as the angle between the initial andˆnal velocity vectors. An oriented collision is one in which molecules are distributed over some sharp orientations with respect the incoming atom direction. These orientations are deˆned through the angles a, b and F.
With the coordinate system of Fig. 2 -b, one can study theoretically the dependence of the scattering on the orientation of the molecules as reported in Fig. 2-c , where the dependence of the scattering angle U (see Fig. 2-b) on the polar angle a, which deˆnes the orientation of the molecule with respect to the incoming atom direction, for a given collision orientation, is shown. Left/right asymmetries are present suggesting that upon collisions the two enantiomers of a chiral molecule can be scattered in diŠerent directions.
the disk, and this situation contains the basic ingredients for the generation of chiral matter. T.-M. Su and colleagues (private communication), providing experimental evidence of the basic mechanism in laboratory gas ‰ows are led to suggest that during stellar formation, chirality-enriched matter of opposite sign could be separately generated and distributed in the general south and north regions of the stellar disk. In theˆnal formation of planets such as the earth, it is plausible that large portions of the early planet could be dominated by just one type of chirality-enriched matter, setting the stage for homochirality at the emergence of life. Indeed, the Coriolis forces which act in the terrestrial atmosphere (Gladyshev, 50) ) lead to tornadoes with opposite chiralities in the northern and southern hemispheres.
Crucial experiments
Prototypical experiments consist in collisions of velocity selected beams of chiral molecules with gaseous targets to reveal manifestations of the chirality of the involved molecules and possibly detect the spatial separation of diŠerent enantiomers as due to collisional mechanisms. Another kind of experiments will consist in reproducing the interaction of a beam of chiral molecules with a chiral environment, which can also be induced by an externalˆeld applied to the beam.
The stable generation of intense beams of single enantiomers and the set up e‹cient product detection devices will be the principal technical di‹culties.
In the above outlined context, there is therefore a move in an alternative perspective. Chiral separation can arise in vortices, and is exploited in centrifugal separation chromatography. These phenomena occur in the liquid phases, but all the above mentioned experimental investigation proves interesting alignment and orientation eŠects in the gas phase, simply due to microscopic events-namely molecular collisions naturally occurring in streams, typically when in a gaseous mixture a``heavier'' molecular component is seeded in a lighter one. The idea is that similar microscopic events occurring in vortices and surface scattering can lead to chiral discrimination, also in the gas phase 31) . 21 649
Present knowledge of possible chirality in streams is in its infancy and has to be further investigated to prove or disprove any role in prebiotic issues. All this is a compelling motivation for the study of properties of scattering by aligned or oriented chiral molecules assisted by accompanying molecular dynamics simulations.
Interestingly, experimental demonstrations appear to be within reach both for vortex motion (T.-M. Su, private communication) and for scattering experiments at surfaces, while molecular dynamic arguments which could be considered for the interpretation of these phenomena await for detailed model calculations.
Macroscopic translation-rotational motion could induce molecular chirality through the processes of molecular orientation and preferential energy transfer in the diŠerential scattering of enantiomers. It is therefore of great interest to study the molecular dynamics and the scaling with physical sizes of vortices and with the type of molecules in a stream.
The recent astrophysical discovery of aromatic molecules, particularly benzene (Cernicharo et al., 51) ) supports the assessment of their role in building up species of prospective biochemical interest. So our detection of aligned benzene and hydrocarbons in gaseous streams points out that (as a project work-plan) we focus on possible mechanisms for chiral biostereochemistry (or indeed photobiology) of oriented reactants-for example when ‰owing in atmospheres of rotating bodies, speciˆ-cally the planet earth-and particularly investigate vortices, where under rareˆed gas dynamics conditions, not only alignment and orientation can be produced, but possibly even chirality discrimination (Lee et al., 48) and private communications).
Hydrogen peroxide and persulˆde are prototypical molecular systems as one of the object of such studies, along with their derivatives by subsitution of hydrogen atoms by typically halogens or alkyl groups. These systems have been extensively studied through advanced quantum chemical techniques. Also beams of laboratory available chiral molecules, such as propylene oxides, have been already successful generated and tested, (see Section 3 and 4).
Theory and modeling
A two dimensional analogue to illustrate observations detailed in the previous sections can be pointed out. Logs ‰oating down a river would show up on the average as aligned along the stream. Dynamically, they would be modeled by a linear object with two equal moments of inertia, and the third one zero. Alignment in streams would occur for an object whose moments of inertia would be those of a planar lamina (two moments of inertia adding up to the third one), idealized as an isosceles triangle 52) . A scalene triangle is chiral in the plane: a stream of ‰oating logs would not discriminate enantiomers, but if the river bends, it might. And it will do it diŠerently if it bends to the right or to the left. In a vortex, adding another dimension to the problem, a three dimensional physical object with three diŠerent moments of inertia-idealized as a fully irregular tetrahedron-may be discriminated in the two possible enantiomeric forms.
In order to verify the above outlined need for assessment of the role of collisions in chirality manifestations, experiments need to interplay with theory.
The question is under which conditions collisions can induce chiral changes, which means to study molecular dynamics to stimulate experimental veriˆcation. This in turn means applying either quantum mechanics, when the systems are su‹ciently simple, or approximations, such as semiclassical and classical mechanics, when required by the molecular complexity.
Current work is then the simulation, at the quantum and classical level, of the collisional dynamics of chiral molecules. A long established experience is available on the theoretical study of elementary three-atomic reactive collision dynamics [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] , based upon the successful and widely used hyperspherical approach. All molecules or aggregates made up of four of more atoms have the possibility of chiral conˆgurations, so the natural following step towards four-body systems implies the study of chirality. Quantum calculations of dimensions greater than those characteristic of three-atom systems are just coming into the range of the current possibilities, while the only feasible calculations for chiral systems are based upon classical mechanics. For full dimension four atom processes have not yet been performed, is a leading one in the preparation of tools for quantum calculations such as few-body hyperspherical harmonics basis sets [72] [73] [74] [75] [76] [77] [78] [79] . Indeed, the extension of the quantum approach to many-body system dynamics is tied to the explicit inclusion of a formal treatment of chirality in the theory.
A considerably valuable result is the general approach to the dynamics of classical N-body systems which can be used to model atomic and molecular clusters and biological molecules, and that can be of crucial importance for the study of the considerably more complex chiral molecules. In this approach [80] [81] [82] [83] [84] [85] , the kinetic energy of the classical system is represented as the sum of a number of terms, accounting for rotations, global size symmetric oscillations, shape variations, particle exchange and couplings, respectively, in a way that corresponds to the degrees of freedom of an hyperspherically based separation scheme.
In order to preserve the feasibility of quantum or semiclassical calculations at a quite high accuracy level, a reasonable testing ground for theory is given by simulations of collisions of chiral systems that can be modeled with su‹cient accuracy and that are characterized by simple chiral dynamics. Prototypical systems are the hydrogen peroxide H 2 O 2 and persulˆde H 2 S 2 . For these molecules chirality changes correspond to torsion around the O-O or S-S bonds.
The simplest model experiment to be performed is the collision within a gaseous stream (typically of rare gas atoms) of these chiral molecules or even substituent derivatives such as alkyl peroxides or persulˆdes. For hydrogen peroxide and persulˆde the torsional internal mode is a ‰oppy one (even if considerably more rigid for persulˆde), and can be modeled as uncoupled with respect to the stretching and bending modes which can be considered as frozen. To make realistic calculations, of help in interpreting the collected experimental data, a su‹ciently detailed description of the potential energy surface of the molecule, according to the ‰oppy molecule model, is needed, as well as of the atom-molecule interaction. The direction of the steps that we have taken is based on extending our previous experimental and theoretical joint studies of the interactions of H 2 O and H 2 S 86,87) . For systems such as H 2 O 2 and H 2 S 2 and their derivatives (the simplest chiral molecules), quantum chemistry has reached recently the status of permitting accurate estimates of geometries (particularly regarding the features associated with torsion around the O-O and S-S bonds) and of tackling an issue of interest for chirality changing collisions, also looking at the eŠects of substituents of hydrogen atoms. Hydrogen peroxide and persulˆde, with alkyl groups and halogens as substituents, are being investigated by quantum chemistry [88] [89] [90] [91] .
In a series of recent papers (starting from Ref . 88)), taking hydrogen peroxide and its isotopomers as the natural starting example, quantum chemistry has been employed to describe the potential energy surface of a molecule with a ‰oppy bond. For this prototypical simple system, orthogonal local coordinate systems demonstrating their advantages over the usual representations of intramolecular dynamics. In fact, the modes of a molecule can be seen as stretches, bending and torsions according either to the normal mode pictures or to the bonds and angles of the valence (or local mode) type of description. For H 2 O 2 , a natural choice for orthogonal vectors turns out to be those joining the two OH radicals plus the Jacobi vectors connecting their centers of mass. Since a further salient feature of the orthogonal local vector representation is the rigorous elimination of intermode coupling in both the classical and the quantum kinetic energy, a model has been recommended for intra and intermolecular treatments of the dynamics of the either thermal or radiation and collision induced mechanisms for chirality interconversion.
In 91) the insight and accuracy of the approach has been demonstrated and has been extended afterwards to a series of molecules and is now useful for applications to molecular dynamics modeling of collision induced chirality changing processes.
Among the features which emerge on considering the properties of the alkyl peroxides with respect to H 2 O 2 , a very signiˆcant one is the dihedral angle of the equilibrium conˆgurations. So from 112.5 degrees for H 2 O 2 , one goes to 115.6 and 114.5 degrees for methyl and ethyl substitution-all other structural properties vary very little from the cis to the trans barriers, in agreement with much of the established information available, as supplemented also by the recent one, see .
Double substitution leads to the disappearance of the trans barrier (for the long and controversial history of this eŠect, see 95) ), so that the achiral trans structure becomes that corresponding to the equilibrium. This eŠect is a further manifestation of the ‰oppiness of the O-O bond, where the physical dimension of the substituent groups appears to play a crucial role. The lengths of the O-O bonds (see Ref. 88) for the cis, trans and equilibrium conˆgurations) shrink in the neighborhood of a right angle torsional conˆguration for the latter, as shown for hydrogen peroxide, methyl hydroperoxide and dimethyl peroxide, while the H 2 O 2 proˆle had been found in agreement with Ref. 96) .
Recently 91) , a quantum chemical exploration has been reported on the intermolecular interaction potentials of H 2 O 2 with the rare gases, He, Ne, Ar, Kr, and Xe. In its equilibrium conˆguration, H 2 O 2 is modeled as rigid except for the torsional mode around the O-O bond. The torsion around the vector joining the center-of-mass of the two OH radicals mimics accurately the adiabatic reaction path for chirality changing isomerization, following the torsional potential energy proˆle from equilibrium through the barriers for the trans and cis conˆgurations.
Particular attention has been devoted to the deˆnition of coordinates and expansion formulas for the potentials, allowing for a faithful representation of geometrical and symmetry properties of these systems, prototypical of the interaction of an atom with a ‰oppy molecule.
The interaction potential for this atom-‰oppy-molecule problem can be expressed as a function of four variables: three polar coordinates plus the dihedral angle of the torsion. Since the range of angular variables spans a three-dimensional manifold isomorphic to S 3 (the sphere embedded in the four dimensional Euclidean space 2 4 ), the proper orthonormal expansion basis set is in terms of hyperspherical harmonics. In short, structure from quantum chemistry and accurate molecular dynamics, provide an ample phenomenology of models assisting the experiments. Extension of this approach to H 2 S 2 has been equally successful 97) , leading to an analytic potential energy surface for the system Rg-H 2 S 2 based on ab initio calculations. The H 2 S 2 molecule equilibrium geometry (a dihedral angle of about 90°), due to a higher barrier in the torsion energy proˆle, is considerably more rigid than the one of H 2 O 2 making feasible its use in real experiments as separate enantiomers.
Furthermore, very recently theoretical studies have been done in this laboratory aimed at estimating the tunneling splittings and racemization times for hydrogen peroxide, persulˆde and some of their substituent derivatives 90, [98] [99] [100] , results are summarized in Table 1 and Table 2 below. An ample phenomenology and a range of rates encourage the use of these systems for understanding main features.
Perspectives and conclusions
The hypothesis that chiral discrimination can arise from molecular collision mechanisms is so far largely unexplored. A convenientˆrst step can be that of illustrating computationally the elementary steps of these mechanisms.
Accordingly to the above discussion of the experiments on alignment and orientation of molecules and of their angular momenta in gaseous streams, as a precondition for the molecules to show eŠects dependent on their chiral properties, the simulations should concern collisions of atoms with sharply oriented molecules. Typical experimental conditions will provide molecules distributed among preferred directions, in an anisotropic way. The experimentally measured quantities will be an average, over such distributions, of the corresponding observables for sharply oriented collisions.
In order to preserve the feasibility of quantum or semiclassical calculations at a quite high accuracy level, a reasonable testing ground for theory is given by simulations of collisions of chiral systems that can be modeled with su‹cient accuracy and that are characterized by simple chiral dynamics. Prototypical systems are the hydrogen peroxide H 2 O 2 and persulˆde H 2 S 2 (see Sec. 3 above). For these molecules chirality changes correspond to torsion around the O-O or S-S bonds [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] .
In Ref. 113) a theoretical approach based upon classical trajectory calculations has been proposed to simulate oriented collisions, namely collisions in which projectile rare gas atoms hit a simple chiral molecular target with a well deˆned orientation with respect to the incoming atom direction. The formulation of the coordinates needed to specify initial conditions permits to simulate, at least qualitatively, the eŠects of a rotating ‰ux of atoms of given handedness, colliding with the target chiral molecule. Far from being a direct attempt to shed light on how the mysterious homochirality phenomena can originate in nature, these works are a move towards the study of molecular collisions in a theoretical framework that takes the molecular chirality into account explicitly. Similar approaches have been adopted for electronmolecule collisions [43] [44] [45] [46] [47] . Further steps will be in the direction of a general treatment of the chirality manifestation in collision dynamics, focusing the attention on those observables which are potentially more directly related to chiral and stereochemical aspects, such as recoil scattering direction of collisions, angular momenta distribution, and the chirality inversion.
Additional recent progresses can also be recorded on the experimental side and regarded the alignment of the prototypical chiral molecule propylene-oxide 114) , and the in‰uence on particle ‰uctuations of reversible brownian vortexes 115) . Related electronic structure and chirality conversion mechanisms have been reported [116] [117] [118] .
In conclusion, even if the measurements and the accurate theoretical estimates will not give a convincing proof of the relevance of a collisional mechanism in a prebiotic context, this research direction will establish the crucial extension of experimental and theoretical stereodynamics to the investigation of elementary chemical processes involving explicitly the role of molecular chirality. Future work will require development and adaptation of unconventional tools in molecular beam techniques and in molecular dynamics simulations, providing signiˆcant progress in experimental physical chemistry and in applied quantum mechanics.
